The active centre of the spliceosome consists of an intricate network formed by U5, U2 and U6 small nuclear RNAs, and a pre-messenger-RNA substrate. Prp8, a component of the U5 small nuclear ribonucleoprotein particle, crosslinks extensively with this RNA catalytic core. Here we present the crystal structure of yeast Prp8 (residues 885-2413) in complex with Aar2, a U5 small nuclear ribonucleoprotein particle assembly factor. The structure reveals tightly associated domains of Prp8 resembling a bacterial group II intron reverse transcriptase and a type II restriction endonuclease. Suppressors of splice-site mutations, and an intron branch-point crosslink, map to a large cavity formed by the reverse transcriptase thumb, and the endonuclease-like and RNaseH-like domains. This cavity is large enough to accommodate the catalytic core of group II intron RNA. The structure provides crucial insights into the architecture of the spliceosome active site, and reinforces the notion that nuclear pre-mRNA splicing and group II intron splicing have a common origin.
Removal of introns from nuclear pre-mRNA occurs in two consecutive trans-esterification reactions catalysed by a multi-megadalton, dynamic RNA-protein complex known as the spliceosome (reviewed in ref. 1) . The spliceosome is formed on pre-mRNA substrates from its five canonical subunits, the small nuclear ribonucleoprotein particles (U1, U2, U4/U6 and U5 snRNPs), and numerous non-snRNP factors. Assembly of the spliceosome begins with the recognition of the 59-splice site (59-SS) by U1 snRNP, followed by recognition of the sequence flanking a specific adenosine in the intron, termed the branch point, by U2 snRNP. After the recruitment of a pre-assembled U5-U4/U6 tri-snRNP, in which U4 and U6 small nuclear RNAs (snRNAs) are extensively base-paired, the spliceosome undergoes a major structural and compositional rearrangement including unwinding of the U4/U6 snRNA duplex and concomitant formation of a highly structured RNA network between U2, U5 and U6 snRNAs and the 59-SS and branch-point sequences in the pre-mRNA. This leads to a nucleophilic attack of the 29-OH of the branch-point adenosine at the 59-SS, producing exon 1 and lariat intron-exon 2 intermediates. Further remodelling enables a nucleophilic attack of exon 1 at the 39-splice site (39-SS), yielding spliced mRNA and lariat intron products. At the catalytic core of the spliceosome, the base-paired U2-U6 snRNAs provide a platform for correct positioning of the branch point and 59-SS (refs 2-6) as well as coordinating catalytic magnesium ions 7, 8 , and U5 snRNA aligns the exons for the second catalytic step [9] [10] [11] . Three U5 snRNP proteins, Prp8, Brr2 and Snu114, have crucial roles in the activation of the spliceosome and the formation of the catalytic core for the two trans-esterification reactions. Yeast Prp8 is a 280-kilodalton (kDa) protein and has 61% sequence identity to its human counterpart. Human PRP8 (encoded by PRPF8) forms a saltstable complex with the EF2-like GTPase SNU114 (encoded by EFTUD2) and the DExD/H-box family helicase BRR2 (also known as SNRNP200) 12 . In yeast, GTP-bound Snu114 activates Brr2 (refs 13, 14) , which unwinds the U4/U6 snRNA duplex to allow U6 snRNA to base-pair with U2 snRNA. Prp8 crosslinks with crucial snRNAs (U5 and U6) and substrate residues (59-SS, 39-SS and branch point) [15] [16] [17] [18] [19] [20] . Many Prp8 mutations suppress splicing defects caused by mutations in the 59-SS, 39-SS and branch point (ref. 21 and references therein). Hence, Prp8 is located at the heart of the spliceosome. Despite the central role of Prp8 in splicing, the structures of only two small domains, the RNaseH-like and Jab1/MPN domains, have been determined so far [22] [23] [24] [25] [26] . On the basis of bioinformatic analysis, it has been proposed that part of Prp8 forms an RNA recognition motif (RRM) 21 , and sequence similarity was recently reported 27 between the central part of Prp8 and a catalytic domain of reverse transcriptase from bacterial group II intron-encoded protein (IEP).
In the cytoplasm, Prp8 forms a large complex containing U5 snRNA, Snu114, seven Sm proteins (B, D1, D2, D3, E, F and G) and the U5 snRNP assembly factor Aar2. After import of this complex into the nucleus, Aar2 is replaced by Brr2, and other proteins are recruited to form the mature U5 snRNP 28, 29 . Here we report a crystal structure of a large carboxy-terminal fragment of Saccharomyces cerevisiae Prp8 (residues 885-2413) in complex with full-length Aar2.
Overall architecture of the complex
A 176-kDa fragment of yeast Prp8 was co-crystallized with Aar2. The crystals diffracted to 1.9 Å resolution and the structure was solved by molecular replacement using the crystal structures of the RNaseH-like and Jab1/MPN domains and Aar2 (Protein Data Bank (PDB) accessions 3SBT and 2OG4) as search models (Methods and Supplementary Tables 1 and 2) . A methylmercury derivative was used to verify molecular replacement solutions ( Supplementary Fig. 1 ). The structure was refined at 2 Å resolution to an R free value of 24.8% (Supplementary Fig. 2 ). The crystal structure revealed a new large domain of Prp8 (residues 885-1824) spanning the entire length of the complex (Figs 1a and 2a ). The RNaseH-like [22] [23] [24] and Jab1/MPN 25, 26 domains, each connected by disordered linkers, fold back to interact with the new domain via Aar2 ( Fig. 2 and Supplementary Fig. 3 ). This domain can be subdivided into a large polymerase-like domain (Supplementary Table 3 ) and a small type II restriction endonuclease-like domain ( Supplementary Table 4 ) that interact intimately through the linker domain. The polymerase-like domain is composed of three canonical subdomains 30 : palm, fingers and thumb ( Supplementary  Figs 4 and 5 ). They form a deep cleft, which accommodates the nucleic acid template and primer in polymerases. In all polymerases, the most highly conserved palm subdomain lies at the bottom of the deep cleft and contains the catalytically important residues embedded in four conserved motifs (A, B, C and D) 30 . Aspartates, one in motif A and two in motif C, coordinate two Mg 21 ions, required for catalysis ( Fig. 1b ), whereas motif B is involved in nucleotide selection. In Prp8, the palm subdomain forms a four-stranded anti-parallel b-sheet (RTb4 and RTb7-RTb9) flanked by a-helices (RTa6 and RTa9-RTa13). Motif C is located in the loop between RTb7 and RTb8, whereas motifs A, B and D are in RTb4, RTa9 and RTa13, respectively. Only one of the three aspartate residues (Asp 1166), equivalent to the first aspartate in the Tyr-X-Asp-Asp consensus sequence in motif C 30 , is conserved in Prp8 ( Fig. 1c and Supplementary Fig. 3 ). Thr 1053 and Arg 1167, which replace the two other catalytic aspartates, are neither capable of metal ion coordination, nor conserved in Prp8 from different species. Hence, the 'active site' of the Prp8 polymerase-like domain is unlikely to bind divalent metal ions. Residues 1048-1182 of yeast Prp8 were recently reported 27 to show sequence similarity to the region corresponding to the reverse transcriptase palm domain of bacterial group II IEP. Hence, we will more appropriately refer to this domain as the reverse transcriptase domain. Residues 1058-1151 were predicted to form an RRM 21 but this region does not resemble the RRM fold, and is embedded in the finger-like subdomain ( Supplementary  Fig. 6 ). The thumb subdomain (1257-1375) forms a four-stranded anti-parallel b-sheet (RTb10-RTb13), followed by a three-helix bundle (RTa14-RTa16). A significant sequence similarity between this region and the thumb/maturase X (Th/X) domain of fungal group II intron reverse transcriptase was noted and it was correctly predicted to form a helical bundle 27 ( Supplementary Fig. 7 ).
Residues 1650-1810 adopt a type II restriction endonuclease-like fold, with characteristic five mixed b-strands (Enb1, Enb2 and Enb4-Enb6) flanked by three a-helices (Ena1-Ena3). The Prp8 endonuclease domain is structurally most similar to the endonuclease domain of the influenza virus polymerase acidic (PA) subunit 31, 32 , with little apparent sequence conservation (9% identity) ( Supplementary Fig. 8 and Supplementary Table 4 ). Two glutamates (Glu 80 and Glu 119), one aspartate (Asp 108) and one histidine (His 41) are involved in 
ARTICLE RESEARCH
two-metal ion coordination essential for catalytic activity in the PA endonuclease domain 31, 32 . Intriguingly, although all of these residues ( Fig. 1d , e) are highly conserved in Prp8 except Glu 1684 (Supplementary Fig. 3 ), replacement of these residues with uncharged amino acids (Asp to Asn, and Glu to Gln), individually and in combination, had no effect on viability ( Supplementary Fig. 9 ). These residues form a network of polar interactions and stabilize the polypeptide loops that block the active site ( Supplementary Fig. 10 ), and hence may be conserved for a structural reason.
Domain organization
The reverse transcriptase/endonuclease (RT/En), RNaseH-like and Jab1/MPN domains are connected by disordered linkers but form a large assembly stabilized by a network of pivotal interactions involving Aar2 (Fig. 2b) ; this domain arrangement is undoubtedly crucial in the biogenesis of U5 snRNP 28, 29 . Aar2 interacts with Prp8 across the junction between the linker and endonuclease domains burying 1,230 Å 2 of solvent-accessible surface ( Supplementary Fig. 11 ). The C-terminal tail (Gly 318 to Pro 355) of Aar2 extends from its main body through the cleft between the reverse transcriptase fingers and Th/X domains; its very C-terminal end (residues 348-353) forms a remarkable intermolecular, parallel b-sheet, zipping together the b-hairpin of the RNaseH-like domain (residues 1860-1864) and the b-barrel of the Jab1/MPN domain (2167-2171) ( Fig. 2b and Supplementary Fig. 12 ). This accounts for the crucial role of the C-terminal tail of Aar2 (residues 331-354) in bringing the RNaseHlike and Jab1/MPN domains together 29 . Furthermore, the C-terminal helical domain (a5 and a6) of Aar2 interacts with RHa1 and RHa2 of the RNaseH-like domain burying 433 Å 2 of solvent-accessible surface ( Fig. 2b and Supplementary Fig. 13 ). The previously reported interface between Aar2 and the RNaseH-like domain 29 was not observed in our structure. However, one of the crystal contacts present in the Aar2-RNaseH-like domain complex structure (3SBT) is remarkably similar to the interface between the helical regions observed in our complex ( Supplementary Fig. 14) . This raises the possibility that the biological interface was incorrectly assigned previously. The Jab1/ MPN domain makes contact with the reverse transcriptase and linker domains ( Supplementary Fig. 15 ). Individually, these interactions may not be sufficient to fix the Jab1/MPN domain in position, but the network of interactions between the four domains (RT/En, RNaseH-like, Jab1/MPN and Aar2) holds them together. The RNaseH-like domain itself has little if any direct contact with the RT/En domain and is positioned relative to the RT/En domain indirectly by Aar2 (Fig. 2c) . Hence, the exact position of the RNaseH-like and Jab1/MPN domains with respect to the RT/En may be altered when Aar2 is replaced by Brr2 and Prp8 forms a complex with Snu114 and Brr2. Indeed, comparison of the P2 1 2 1 2 1 and C222 1 crystal forms revealed movements of the RNaseH-like and Jab1/MPN domains with respect to the RT/En domain ( Supplementary Fig. 16 ). The domain interactions could be modulated when Snu114 binds different nucleotides.
The active site of the spliceosome
The catalytic centre of the spliceosome includes an intricate network of interactions involving U2, U5 and U6 snRNAs and substrate pre-mRNA ( Supplementary Fig. 17 ). Prp8 crosslinks to crucial residues in U6 snRNA and in the invariant exon-binding loop 1 of U5 snRNA as well as to all three sites of chemistry in the pre-mRNA (59-SS, branch point and 39-SS) [15] [16] [17] [18] 33, 34 . Contacts between yeast Prp8 and catalytic core RNA residues were previously mapped by crosslinking and proteolytic cleavage; almost all of the crosslinks lie within the RT/En domain of Prp8 (ref. 20; Supplementary Fig. 17 ). We have used substrates with modified 39-SS and captured spliceosomes by the nineteen complex (NTC) protein Prp19 or the step 2 factor Prp18 to focus on crosslinks made just before catalytic step 2 (C. M. Norman and A.J.N., unpublished observations). Crosslinks between Prp8 and the residue two nucleotides downstream of the branch point (BP12) were mapped to the region between residues 1585 and 1598. This disordered region is located between the blue spheres in Fig. 3c . The crosslinking site is located in the mobile loop near the reverse transcriptase Th/X domain and is distant from the residues corresponding to the Mg 21 -coordinating residues in the RT/En domains.
Splice site and branch-point suppressors
Screening for suppression of splicing defects caused by mutations in the 59-SS, 39-SS and branch point led to the isolation of many Prp8 suppressors 35, 36 (see references in ref. 20 and Supplementary Table 5 ). Most suppressor mutations are located on the concave surface of the Th/X and endonuclease domains facing the RNaseH-like domain (Fig. 3) . This space is lined with extended polypeptide chains making few contacts. These loops are part of the regions crosslinked to a nucleotide immediately upstream of the 59-SS (59-SS21), and to BP12, U6 snRNA (U54) and the U5 snRNA loop 1 (U97) 20 . The surface of the RNaseH-like domain facing this cavity includes Glu 1960 and Glu 1834, which are sites of 59-SS and 39-SS suppressor mutations 36 ; they are positioned close to the 59-SS-hPRP8 crosslink 18 (Fig. 3) . These site-specific crosslinks together with the suppressor 
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mutations unambiguously locate the active site of the spliceosome to the cavity formed by the thumb subdomain/endonuclease (Th/En) and RNaseH-like domains.
Four suppressors of 59-SS and 39-SS and branch-point mutations map in the RNaseH-like domain b-finger. As in the Aar2-Prp8 complex, the b-finger may be involved in alternative interactions to position the RNaseH-like domain in the Brr2-containing mature U5 snRNP, and these mutations may affect the interaction between Prp8 and the RNA network as previously proposed 24 . Some of the suppressors facilitate the first step but inhibit the second (first-step alleles), and others do the opposite 35 ( Supplementary Table 5 ). It has been proposed that Prp8 has two alternative states that facilitate either the first or the second step 24, 35 . It is plausible that this corresponds to alternative positions of the RNaseH-like domain with respect to the RT/En domain; the RNaseH-like domain may in turn transmit conformational changes of the RNA network after each trans-esterification reaction. Comparison of the two crystal forms confirmed flexibility of the RNaseH-like domain, revealing its considerable interdomain movements with respect to reverse transcriptase and endonuclease domains ( Supplementary Fig. 16 ).
Prp8 and spliceosome activation
In the U4-cs1 (cold-sensitive) mutant the three nucleotides (AAA) adjacent to helix I of the U4/U6 snRNA duplex are replaced by UUG, extending helix I by three base-pairs and concealing part of the U6 snRNA sequence (ACAGA) that base-pairs with the 59-SS. At the restrictive temperature (16 uC) the spliceosome stalls before the first trans-esterification because the U4/U6 snRNAs remain base-paired and the ACAGA box fails to base-pair with the 59-SS. Screens for suppressors of U4-cs1 in Prp8 isolated many single mutations in five regions (Prp8-cat mutants; regions a-e) 36, 37 (Supplementary Table 6 ). Two of the five regions (d and e) are within our crystal structure (Fig. 4 ). Six mutations in region d map within or near the four-stranded b-sheet protruding from the reverse transcriptase fingers domain (Fig. 4c) , and three map on the loop connecting RTa12 and RTa13. These are the most exposed parts of the fingers and palm domain. In region d and part of region e, three of the mutations are located within or near the exposed b-hairpin of the reverse transcriptase-like domain and two on the exposed loop in the endonuclease domain. Intriguingly, all of the suppressor mutations in the RT/En domain map on one face of the RT/En domain. Five mutations of region e map within the RNaseH-like domain (Fig. 4a) , and four of these are located within the b-finger, which forms a continuous b-sheet with the tail of Aar2 and the b-barrel in the Jab1/MPN domain. It is possible that this b-hairpin is also involved in a proteinprotein interaction crucial for positioning the RNaseH-like domain in the U5 snRNP or spliceosome.
One of the Prp8-cat mutations (Val1098Asp) suppresses a coldsensitive mutation in the first RecA domain in Brr2 known as brr2-1 (Glu610Gly). The residues (1022-1214) covering the entire fingers/ palm domain were subjected to further mutagenesis, and five other brr2-1 suppressors were isolated 38 ( Supplementary Table 7 ). These mutations also map within or at the base of the four-stranded b-sheet exposed on the surface of the reverse transcriptase palm domain (Fig. 4c) . The exact mechanism of U4-cs1 suppression is unclear, but the fact that all suppressor mutations map on one face of the RT/En domain suggests that this is a crucial RNA-binding or, more likely, protein-binding surface. As brr2-1 and some U4-cs1 suppressors map in the same region it may be a binding interface for Brr2 in addition to the Jab1/MPN domain. Brr2 bound on this surface would be ideally positioned to feed U6 snRNA, unwound from the U4/U6 duplex, into the active site cleft in Prp8 and may be in close proximity to the active site RNA. Ski2-type RNA helicases such as Brr2 unwind duplex RNA after loading onto a 39 overhanging end. The extended helix I of the U4/U6 duplex in the U4-cs1 mutant alters the position and orientation of the 39 overhanging nucleotides. It is possible that U4-cs1 and brr2-1 suppressor mutations may slightly reposition Brr2 to facilitate loading of the U6/U4-cs1 substrate.
The origin of the spliceosome
The crystal structure of Prp8 885-2413 has revealed a new large domain consisting of reverse transcriptase and endonuclease domains. The fact that the palm and Th/X domains have considerable sequence and structural similarity to their counterparts in bacterial and fungal group II IEPs has very important functional and evolutionary implications. The farsighted hypothesis that nuclear pre-mRNA splicing and group II self-splicing have a common origin was based on the fact that in both processes introns are excised by two successive transesterification reactions by means of a lariat intermediate 39, 40 . Selfsplicing group II introns have six structurally conserved domains (domains I-VI) (ref. 41) . The fact that the RNA core of the spliceosome contains structural and functional counterparts of domains V and VI and the exon-binding loop of group II intron further strengthened this hypothesis 9, 39, 40, [42] [43] [44] . However, there is still an enormous ARTICLE RESEARCH evolutionary gap between the two. Our crystal structure has, to our knowledge, provided the first experimental evidence for a link between a group II IEP and a component of the spliceosome. Group II introns are mobile genetic elements in which self-splicing is facilitated by the maturase activity of their IEP 43 . IEP remains bound to the excised intron and targets it to a homing site in genomic DNA where intron insertion is achieved by reverse splicing. The opposite DNA strand is then cleaved by the endonuclease domain of IEP and used as a primer for reverse transcription of the intron RNA by the IEP reverse transcriptase domain. IEP usually contains an endonuclease domain of the H-N-H endonuclease family 43 , whereas Prp8 contains a type II restriction endonuclease domain.
Remarkably, organellar group II introns, split into independently transcribed segments 45 , can undergo inefficient trans-splicing 41, 45 . Ancestral nuclear pre-mRNA splicing activity could have evolved from the IEP open-reading frame (encoding ancestral Prp8) and the group II intron RNA domains (ancestral snRNAs), which became independent transcription units. The resulting incomplete group II introns could have been excised with the help of IEP and the transacting group II intron RNA domains and were gradually freed from the evolutionary constraints to maintain self-splicing activity as all of the RNA domains, except the branch-point sequence, became transacting elements. When some group II introns ceased to be mobile elements, the selective pressure to maintain the catalytically active reverse transcriptase domain was lost, but the reverse transcriptase domain continued to function as a maturase and became an assembly platform for the primitive snRNAs and substrate pre-mRNA. The reverse transcriptase domain, particularly the fingers and thumb domains, continued to evolve, and the addition of the RNaseH-like and Jab1/MPN domains facilitated the evolution of ancestral snRNAs into snRNPs as they recruited more proteins.
The crystal structure of an Oceanobacillus iheyensis group II intron reveals a tightly packed functional centre consisting of exonbinding loops, exons and domain V organized by the surrounding RNA scaffold 46, 47 . No structure of a group II intron in complex with IEP has yet been reported, but the interaction between the Lactoccocus lactis L1LtrB intron and its IEP has been studied biochemically [48] [49] [50] . The amino-terminal region of the reverse transcriptase domain binds intron DIVa with high affinity, whereas the Th/X domain makes contact with the catalytic core of the intron including the E1-DI, DII and DVI-E2 regions to promote splicing 48, 50 . The functional RNA core of the spliceosome is postulated to be similar to that of a group II intron. Prp8 and the O. iheyensis group II intron have remarkably similar dimensions, and the Prp8 active site cavity is approximately the right size to accommodate the essential RNA domains of group II intron RNA (Fig. 5a, b ). It is tempting to suggest that Prp8 has replaced the RNA scaffold surrounding the group II intron. Notably, the spliceosomal RNA catalytic core crosslinks to the region of Prp8 between reverse transcriptase and endonuclease domains (C. M. Norman and A.J.N., unpublished observations) and to the RNaseH-like domain 18 (Fig. 3b, c) . The surface of this region exhibits extraordinary sequence conservation ( Supplementary Fig.  18 ) and is remarkably electropositive (Fig. 5c ). This is consistent with its role as the binding site for the RNA catalytic core. Structural analysis of a group II intron at different stages of catalysis has revealed that the intron active site can adopt two alternative conformations 46, 47 . It has been proposed that Prp8 may undergo a transition between two alternative states that facilitate the first and second steps of splicing, respectively 35 . This transition may be achieved by repositioning of the RNaseH-like domain and the extended polypeptide chains (Fig. 3b, c) , which line the inner surface of the active site cavity.
Until now, it has been hard to imagine how a ribonucleoprotein machine as immense and complex as the spliceosome could have evolved. The structure of Prp8 has given crucial insight into the active centre of the spliceosome, and its similarity to group II IEP provides a compelling link between group II self-splicing and the spliceosome.
METHODS SUMMARY
A large fragment of S. cerevisiae Prp8 885-2413 was co-expressed with Aar2 in yeast. The complex was purified by affinity chromatography using calmodulin-sepharose and Ni-NTA agarose, followed by ion-exchange chromatography on a mono-Q column. The complex was crystallized by the sitting-drop method. The structure was solved by molecular replacement using Aar2 and the RNaseH-like and Jab1/ MPN domains of Prp8 as search models (PDB accessions 3SBT and 2OG4). 
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